ABSTRACT Recombinant plasmids containing either the entire polyoma viral genome or one or the other of the two HindIl fragments of polyoma virus DNA were constructed and cloned in Escherichis coli X1776, and their DNAs were individually tested for the capacity to transform an established line of rat cells. The recombinant plasmids containing the entire polyoma genome and those containing the HindIII-1 fragment of polyoma DNA (45-1.4 map units) efficiently transform rat cells, whereas the plasmids containing the HindU-2. fragment (1.445.0 map units) do not. The properties of many independent transformed cell lines established by infection with the cloned HindIII-1 fragment were determined. In contrast to the parent cell line, rat cells transformed with the cloned HindIII-1 fragment grow to high saturation densities, form colonies with high efficiency in dilute agar suspension, produce high levels of plasminogen activator, and display a disorganized arrangement of actin cables. By all criteria examined, these cells transformed by fragments are indistinguishable from cells transformed by whole polyoma viral DNA. Cellular DNA prepared from many HindIII-1 fragment-transformed cell lines was analyzed for the presence and arrangement of polyoma viral sequences by Southern blot-hybridization. In all cases examined, only those viral sequences contained within the HindIII-1 fragment of polyoma DNA were detected. These data establish a strong correlation between polyoma DNA sequences mapping within a restricted portion of the early region and the induction and maintenance of the transformed phenotype. The transforming region of the polyoma viral genome has not been precisely defined, though a wealth of evidence links cell transformation to the early region (70-26 map units, Fig. 1 Fig. 1 ) enhances the tumorigenic capacity of the DNA in newborn hamsters. These observations suggest that not all of the early region may be required for transformation. To determine which segment of polyoma virus DNA is required to transform cells, we have measured the capacity of cloned subgenomic fragments of viral DNA to transform cells in culture. Using this approach, we have been able to localize the transforming gene(s) of polyoma virus to a restricted portion of the viral genome containing only part of the early region.
vidually tested for the capacity to transform an established line of rat cells. The recombinant plasmids containing the entire polyoma genome and those containing the HindIII-1 fragment of polyoma DNA (45-1.4 map units) efficiently transform rat cells, whereas the plasmids containing the HindU-2. fragment (1.445.0 map units) do not. The properties of many independent transformed cell lines established by infection with the cloned HindIII-1 fragment were determined. In contrast to the parent cell line, rat cells transformed with the cloned HindIII-1 fragment grow to high saturation densities, form colonies with high efficiency in dilute agar suspension, produce high levels of plasminogen activator, and display a disorganized arrangement of actin cables. By all criteria examined, these cells transformed by fragments are indistinguishable from cells transformed by whole polyoma viral DNA. Cellular DNA prepared from many HindIII-1 fragment-transformed cell lines was analyzed for the presence and arrangement of polyoma viral sequences by Southern blot-hybridization. In all cases examined, only those viral sequences contained within the HindIII-1 fragment of polyoma DNA were detected. These data establish a strong correlation between polyoma DNA sequences mapping within a restricted portion of the early region and the induction and maintenance of the transformed phenotype. The transforming region of the polyoma viral genome has not been precisely defined, though a wealth of evidence links cell transformation to the early region (70-26 map units, Fig. 1 ). Mutants containing lesions that map within the early region either fail to transform cells completely [the host-range transformation-defective mutants (1, 2) ] or are temperature sensitive for the establishment of transformation and in some cases its maintenance [the tsa mutants (3) (4) (5) (6) ]. Moreover, RNA complementary to only the "E" strand of the early region of the viral DNA is always detected in transformed cells (7) (8) (9) (10) , and these cells inevitably contain tumor antigens (T antigens), proteins encoded by the early region of the virus (11) (12) (13) .
Whether the entire early region of the viral genome is required to maintain cells in a transformed state is not clear. Several analyses of virus-specific RNA in polyoma-transformed cells revealed that some lines either lack or contain smaller amounts of those RNA sequences that are transcribed from the distal part of the early region (7, 9, 10 (15) . Transfections with viral and plasmid DNAs were performed as described (16) , using intact plasmids purified on CsCl gradients. The plasmids appeared as homogeneous monomeric molecules after gel electrophoresis, although the presence of small quantities of multimeric molecules is possible. After transfection with DNA, the cells were incubated for 2-3 weeks, and transformants were scored as dense foci. To isolate transformed cell lines, individual foci from separate Petri dishes were ringed with stainless steel cylinders, detached with trypsin, and replated. When the cultures had become confluent they were recloned by plating at high dilution and individual colonies were isolated as described above. To determine the maximum saturation density, 20 sister cultures were inoculated at 1 X 104 cells per cm2 in 60-mm dishes. The cultures were maintained in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum at 370C in a humidified CO2 atmosphere. The medium was replenished every 2 days, and the cell number of duplicate cultures was determined daily. The saturation density was defined as that density which was maintained for three consecutive days. Clonal growth in agar was assayed as described (17 (20) . DNAs were digested with an excess of the restriction endonuclease according to the conditions specified by the manufacturer. DNA fragments obtained by hydrolysis with restriction endonucleases were fractionated through alkaline-agarose gels (21), transferred to nitrocellulose sheets (22) , and hybridized with probes labeled in vitro by nick translation (23) . RESULTS The entire polyoma viral genome and restriction endonuclease fragments thereof were cloned with the pBR322-Escherichia coli X1776 plasmid-vector system. Plasmids containing the entire viral genome were constructed by cleavage of polyoma DNA either with EcoRI, which cleaves polyoma DNA once in the early region, or with BamHI, which recognizes a single cleavage site in the late region (see ref. 24 ; Fig. 1 ). The resulting (28) . The latter property is closely correlated with the capacity of cells to synthesize an activator of serum plasminogen (29, 30) , as well as the loss of actin cables (19) , and tumorigenicity (31) .
Not all the phenotypic markers of transformation are acquired concomitantly (30) (1980) of Rat-I cells. These results show that cells transformed with DNA containing sequences from only the proximal part dfihe early region express the transformation-specific markers characteristic of maximal transformants.
Viral DNA in Transformed Cells. The observation that only the proximal part of the polyoma early region was required to cause transformation of cells in culture was surprising. To ensure that the fragment-transformed cells contained pPHI-8 or pPH1-4 plasmid DNA and no other polyoma sequences, we screened 16 cell lines for polyoma sequences, using the Southern blot-hybridization technique (22) . High molecular weight cellular DNA prepared from the fragment-transformed cell lines was digested with HindIII, and the resulting fragments were fractionated by electrophoresis through an alkalineagarose gel (21) . The DNA within the gel was then transferred to a nitrocelluloe sheet and hybridized to three different probes that had been labeled in vitro by nick translation (23) . The probes included pBR322 DNA, the HindIII-I fragment, and the HindHI-2 fragment of polyoma virus DNA. These polyoma DNA fragments were obtained by cleavage of the pPH1-8 and pPH2-41 plasmid DNAs with HindIII and isolation by agarose gel electrophoresis. Those fragments of cellular DNA containing sequences complementary to the probes were identified by autoradiography. The results of this analysis with one representative fragment-transformed cell line (15-5a, see Table 2 ) are shown in Fig. 3 . There are many fragments produced after cleavage of 15-5a cellular DNA with HindIII that are com-.;
1. , L ! ... .   FIG. 3 . Detection of DNA fragments that contain polyoma or pBR322 DNA sequences after cleavage of 15-5a cellular DNA with HindIII. The products of HindIII digestion of 15-5a cellular DNA were fractionated through 1.0% alkaline-agarose gels in each of three tracks labeled C (50 Ag of cellular DNA per well). Markers (labeled M) of pPH1-8 and of pPH241 DNA (10 pg per well each) cleaved with HindIII were electrophoresed in adjacent slots next to the cellular DNA. The fragments were transferred to a nitrocellulose sheet, the sheet was cut into three strips, and each of these was separately hybridized with one of three 32P-labeled probes. (A) 32P-LabeledHindIl-1 fragment of polyoma DNA; (B) 3P-labeled HindIi-2 fragment of polyoma DNA; (C) 32P-labeled pBR322 DNA. The HindI-i and HindIII-2 fragments used as probes were isolated from the pPH1-8 and pPH2-41 plasmids by cleavage with HindIll followed by preparative agarose gel electrophoresis. The autoradiogram shown in A was exposed for 15 hours, that in B for 33 hours, and that in C for 24 hours. The faint band in track A (marker) comigrating with linear pBR322 is the result of a small amount of pBR322 contaminating our gel-purified HindIII-1 fragment. The band comigrating with linear pBR322 in the cellular DNA probed with this contaminated preparation of HindIIl-l (A, track C) probably arises from hybridization to this contaminant.
plementary to the HindIII-1 fragment probe (Fig. 3A) . The most prominet band is one that comigrates with the HindIil-I marker fragment. When the HindIII-2 fragment of polyoma virus DNA was used as a probe there was no hybridization detected even after prolonged exposure times (Fig. 3B) . Hybridization with 32P-labeled pBR322 DNA revealed an array of bands, including an intense species that comigrated with the linear form of pBR322 DNA (Fig. 3C) 
DISCUSSION
The early region of polyoma virus DNA encodes three known proteins: large (molecular weight 100,000), middle (55,000), and small (22,000) T antigens (11) (12) (13) 34) . These proteins are translated from three related but differentially spliced mRNAs that-are derived from the same transcription unit (ref. 35 , see also refs. 36 and 37). The coding sequences for small and middle T antigens are located exclusively in the proximal part of the early region (70-100 map units), whereas the sequences encoding large T antigen are located in the proximal and distal part of the early region.
The results we have presented show that only part of the early region, the 5'-proximal half (70-100 map units) is required to induce transformation of Rat-I cells. This conclusion is based on the observation that recombinant plasmids containing either the entire polyoma genome interrupted at the viral EcoRI site (0/100 map units) or the HindIII-1 fragment of polyoma DNA (45-1.4 map units) is capable of transforming rat cells. The cloned HindIIl-2 fragment of polyoma viral DNA (1.4-45 map units), which does not include sequences from the proximal portion of the early region, is incapable of inducing the transformed phenotype. Moreover, the frequency of transformation obtained by infection with recombinant plasmid DNAs capable of encoding large T antigen (pPBI, pPB2) and those incapable of doing so (pPR1 and pPR2, pPH1-8 and pPH1-4) are approximately the same. This suggests that large T antigen neither enhances nor inhibits the establishment of DNA-mediated transformation. Our results apparently contradict the observation that mutations located in sequences encoding only large T antigen [between 1 and 26 map units (38) ] affect the transforming capacity of polyoma virus at the initiation step (3-6). These mutants, which fall in the a complementation group, transform cells at a reduced efficiency at the restrictive compared with the permissive temperature. Perhaps the resolution to this apparent contradiction lies in the fact that we have studied transformation after DNA transfection. In a viral infection, in which most cells are competent to take up virus, each cell is presented with a modest dose of infecting virus. DNA transfection involves quantities of viral DNA similar in magnitude to those added in virions in a viral infection of 10-100 plaque-forming units per cell (assuming a particle-to-plaqueforming unit ratio of 1000); however, far fewer cells are competent to take up the DNA. It is possible that a substantially 
